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The plant pathogen Fusarium graminearum is the infamous cause of Fusarium head blight

worldwide resulting in significant losses of yield and reduced grain feed quality. It also

has the potential to produce a range of small bioactive peptides produced by the non ribo-

somal peptide synthetases (NRPSs). Most of these are unknown as F. graminearum contains

19 NRPS encoding genes, but only three have been assigned products. For the first time, we

use deletion and overexpression mutants to investigate the functions and product of NRPS4

in F. graminearum. Deletion of NRPS4 homologues in Alternaria brassicicola and Cochloibolus

heterostrophus has been shown to result in mutants unable to repel water. In a time study

of surface hydrophobicity we observed that water droplets could penetrate 7 d old colonies

of the NRPS4 deletion mutants. Loss in ability to repel water was first observed on 13 d old

cultures of the wild type strain, whereas the overexpression strain remained water repel-

lant throughout the 38 d time study. The conidia of both mutants were examined and those

of the overexpression mutant showed distinct morphological differences in form of col-

lapsed cells. These observations might suggest that the peptide product of NRPS4 could

be an architectural factor in the cell walls of Fusarium or an indirect regulator of

hydrophobicity.

ª 2012 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.
Introduction D€ohren, 2004; von D€ohren et al., 1999). The modular structure
The nonribosomal peptide synthetases (NRPSs) of filamentous

fungi are large multifunctional enzymes which assemble

amino acid substrates into small peptides and thereby circum-

vent the ribosomal system. The NRPSs consist of modules each

capable of selecting and acquiring a specific amino acid sub-

strate by its adenylation (A) domain and attaching it to the

growing peptide chain through a thiotemplate system (von
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of the NRPS is normally composed of a number of elongation

modules consisting of condensation, adenylation and thiola-

tion domains in that order (C-A-T)n (Strieker et al., 2010). These

systems are widespread throughout bacteria and fungi and the

products oftenhavebioactiveproperties such as antibiotic, fun-

gicidal or immunosuppressive, which are believed to be

employed as weapons to secure the ecological niche of the or-

ganism in nature (Calvo et al., 2002; von D€ohren, 2004).
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The filamentous fungus Fusarium graminearum is a major

plant pathogen of wheat and barley and causes Fusarium

head blight resulting in severe losses and contamination of

grains with mycotoxins such as deoxynivalenol (DON)

(Gardiner et al., 2009). The sequenced F. graminearum has

revealed 19 NRPS genes (Hansen et al., 2012; Tobiasen et al.,

2007; Varga et al., 2005). Only the products of three are known

all of which are iron chelating siderophores. None of the other

NRPs have been linked to their respective synthetase gene

(Bushley et al., 2008; Tobiasen et al., 2007). Bioinformatic tools

exists for the prediction of amino acid substrates of bacterial

NRPSs but are not always applicable for fungi as these are

more complex and can incorporate a significantly higher

number of different substrates (w500) compared to bacteria

(Strieker et al., 2010).

TheNRPS4 gene of F. graminearum (FGSG_02315) encodes an

844 kDa (7639 amino acids) NRPS (Fig 1) consisting of fivemod-

ules and is conserved throughout the four sequenced

Fusarium species, F. graminearum, F. oxysporum, F. solani, and

F. verticillioides (Hansen et al., 2012). It is also present in range

of other plant pathogenic filamentous fungi.

The NRPS4 of Cochliobolus heterostrophus is a likely ortho-

logue of FgNRPS4 and has a similar modular structure.

ChNRPS4 has been reported to be involved in surface hydro-

phobicity and deletion of ChNRPS4 led to a loss in ability to re-

pel water (Turgeon et al., 2008). NRPS2 in Alternaria brassicicola

is another possible orthologue and here deletionmutants also

show a decreased hydrophobicity in addition to abnormal

conidia cell wall morphology, decreased sporulation and ger-

mination resulting in a reduced infection capability (Kim

et al., 2007). NRPS4 has some similarity to pes1 from Aspergillus

fumigatus. This gene has been linked to resistance to oxidative

stress and pathogenicity and deletion of the gene impaired

both virulence and increased sensitivity to oxidative stress

(Reeves et al., 2006).

Here we investigate NRPS4 from F. graminearum by genera-

tion of deletion and overexpression mutants and character-

ization of their phenotypes. Both mutants had altered

hydrophobic properties and different extraction methods

were employed in the abortive attempt to isolate the NRPS4

peptide. The conidial morphology of the mutants was investi-

gated by atomic force microscopy.
Materials and methods

Generation of NRPS4 overexpression and deletion mutants

For generation of an overexpression plasmid construct a flank-

ing 751 bp fragment upstream of NRPS4 was amplified using

the primers NRPS4o1 and NRPS4o2 (primer sequences are

found in Supplementary Table 1). The PCR was performed

with the PFU C turbo polymerase (Stratagene, La Jolla, CA,
Fig 1 e Domain architecture of the five module NRPS4 of F. gram

adenylation domain, blue; thiolation domain, green; epimeriza
USA) on genomic DNA from Fusarium graminearum isolate

PH-1 according to the manufacturer’s instructions. An addi-

tional 733 bp fragment was amplified at the beginning of the

gene with the primers NRPS4o3 and NRPS4o4. The PCR frag-

ments were cloned into a linearized pRF-HU2E vector under

control of the gpdA promoter by a four fragment cloning

step using the USER enzyme� (New England Biolabs, Ipswich,

MA, USA) and verified by colony PCR according to (Frandsen

et al., 2008). The samemethod was used to generate a deletion

construct. Here the initial upstream flanking fragment was

used in addition to a 569 bp downstream flanking fragment

generated using the primers NRPS4a3 and NRPS4a4. The dele-

tion construct was verified by colony PCRwith the RF2 and RF4

primers aswell aswith the RF1 and RF8 primers. Prior to trans-

formation into Agrobacterium tumefaciens the fidelity of the

constructs were checked by sequencing at Eurofins MWG Op-

eron (Ebersberg, Germany) using the primers RF2 and RF8. The

transformed A. tumefaciens were proliferated in minimal me-

dia (17 mM K2HPO4 (pH 7.0), 8 mM NaH2PO4, 18 mM NH4Cl,

1.2 mM MgSO4, 2 mM KCl, 90 mM CaCl2, 147 mM FeSO4 and

0.5 % (w/v) glucose) and transferred to IMAS medium (0.04 M

MES, 0.2 mM Acetrosyringon, 0.2 % (w/v) glucose, 0.5 % (v/v)

glycerol, 0.01 M KH2PO4, 0.01 M K2HPO4, 2.6 mM NaCl, 2 mM

MgSO4, 3.4 mM CaCl2, 9 mM FeSO4 and 3.6 mM (NH4)2 SO4).

The F. graminearum transformation was carried out as previ-

ously described (Malz et al., 2005).
Verification of mutants

The mutants were screened by colony PCR for correct inser-

tion, using one primer specific for the hyg gene and another

corresponding to a flanking region outside the insertion

area, and the number of inserts was determined by Southern

blotting. Genomic DNA was extracted from the transformed

fungi using the DNeasy plant mini kit (Qiagen, Hilden, Ger-

many) and subjected to a restriction digestion using HindIII

(New England Biolabs). A hybridization probe of 588 bp corre-

sponding to a part of the hyg gene of the plasmid vector was

amplified by PCR. The digested gDNA was separated on an

agarose gel and the blotting and following hybridization

were performed according to the manufacturer’s instructions

(GE Healthcare Life Sciences) using a Hybond Nþ membrane.

Nucleic acids were visualized using the AlkPhos Direct Label-

ing and Detection System with CDP-Star (GE Healthcare Life

Sciences).
Transcription analyses

Reverse Transcriptase (RT) - PCR was performed to determine

expression of NRPS4 in the wild type and mutant strains

grown on YES medium for seven days as described in

(Sørensen et al., 2012). The fungal tissue was removed from
inearum. The colors indicate the type of domain: Yellow;

tion domain and red; condensation domain.
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the medium, lyophilized and pulverized by the addition of

a mix of glass beads which were shaken at 2� 10 seconds in-

tervals in a bead beater. The RNAwas then extracted using the

RNeasy plant mini kit (Qiagen) according to the manufac-

turer’s instructions. The RNA quality was checked by agarose

gel electrophoresis and first stand synthesis was performed

with random hexamer primers (Eurofins MWG) using the Su-

perScript III reverse transcriptase (Invitrogen Life Technolo-

gies, Carlsbad, CA, USA) with the addition of RNaseOUT

according to the manufacturer’s instructions.

The RT-PCR was performed by 28 cycles of PCR using the

DyNAzyme polymerase (Finnzymes, Oy, Finland) according

to the manufacturer’s instructions. Two housekeeping genes

b-tubulin (accession number; FGSG_06611) and transcription

elongation factor 1 a (accession number; FGSG_08811) were

amplified as controls.

Time study of surface hydrophobicity

Time studies were carried out on wild type PH1, OENRPS4 and

ΔNRPS4 mutants. Spores were used to inoculate YES plates

and incubated at 25 �C in the dark. Plates of each strain were

examined for surface hydrophobicity by the addition of

a 50 mL drop of water to individual plates 11 times during the

38 d of the experiment.

Characterization of conidia

To analyze conidia phenotypes of the wild type and the mu-

tant strains by atomic force microscopy (AFM) petri dishes

with a glass slide inserted in the bottom (Willco Wells) were

incubatedwith a spore solution. After 30 min. the supernatant

was discarded and the spores rinsed with water, and dried
Fig 2 e Construction of deletion and overexpression NRPS4 muta

mutants are obtained by cloning amplified regions O1-O2 and O

gromycin B phosphotransferase) and the gpdA constitutive pro

combination the resulting OENRPS4 strain is shown to the left. T

KO3-KO4 amplicon, replacing the NRPS4 with the hph gene. B) S

(3500 bp).
under a stream of nitrogen. AFM semi contact mode images

were recorded at room temperature on an NT-MDT Ntegra

Life AFM microscope and an Olympus cantilever (OMCL 200)

with a resonance frequency of 138 kHz and a spring constant

of 9N/m.
Metabolite analyses

Nine plugs of 14 days old cultures grown on solid YESmedium

were extracted with 1.5 mL ethyl acetate-dichloromethane-

methanol (3:2:1) according to (Smedsgaard, 1997). The ex-

tracts were evaporated to dryness under a stream of nitrogen

and dissolved in 500 mL methanol. Five mL extracts were sepa-

rated on a Gemini C6-Phenyl 3 mm 2 mm i.d.� 100 mm col-

umn (Phenomenex, Torrance, CA, USA) on an Agilent 1200

HPLC system (Agilent, Waldbronn, Germany) equipped with

a diode array detector collecting two ultravioletevisible

(UVeVIS) spectra per second from 200 to 600 nm. An acetoni-

trile:water gradient was used starting at 0 % acetonitrile in-

creasing to 100 % in 20 min, which was held for 5 min before

reverting to 0 % in 3 min. A flow rate of 0.4 mL/min was

used and both eluents were buffered with 50 ppm trifluoro-

acetic acid.
Results

Generation of NRPS4 overexpression and deletion mutants

Vectors for overexpression and deletion of NRPS4 in Fusarium

graminearumwere generated as described in Fig 2A. Correct in-

tegration of the overexpression and deletion vectors into the
nts. A) USER cloning strategy. Generation of overexpression

3-O4 into a p-HU2E vector containing the hph gene (hy-

moter. Following A. tumefaeciens mediated homologue re-

o the right is shown the generation of the ΔNRPS4 using the

outhern blot of OENRPS4 (7800 bp) (left) and the ΔNRPS4
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genome had been achieved and Southern blotting showed

that only a single copy had been inserted (Fig 2B).

Time study of surface hydrophobicity

Deletion of NRPS4 homologues in Alternaria brassicicola and

Cochloibolus heterostrophus has been shown to result in mu-

tants unable to repel water. To examine whether deletion of

NRPS4 in Fusarium graminearum has a similar effect we set up

a time studywherewater dropletswere added to different cul-

tures at day 4, 7, 10, 13, 16, 19, 20, 23, 26, 30, and 38. The results

showed that the ΔNRPS4 mutant displayed a distinct lack of

surface hydrophobicity and was unable to repel water when

grown on a YES medium shortly after 7 d of growth (Fig 3A).

The wild type strain was water repellant at day 10, but not

13, whereas the OENRPS4 mutant displayed a constant in-

creased surface hydrophobicity throughout the experiment.

To link the observed differences in hydrophobicity to

NRPS4 we examined transcription of the gene by RT-PCR on

7 d old cultures grown on YES medium (Fig 3B). Expression

of NRPS4 was observed in the wild type strain and OENRPS4,

but not in ΔNRPS4. This further verifies that the NRPS4 gene

has successfully been deleted in ΔNRPS4. The RT-PCR of

NRPS4 resulted also in a more intense band for OENRPS4
Fig 3 e A) Time study of the surface hydrophobicity of wild

type PH1, OENRPS4 and ΔNRPS4. B) RT-PCR of NRPS4 with

b-tubulin and elongation factor 1a as control of wild type

PH1, OENRPS4 and ΔNRPS4 with genomic DNA and negative

controls all acquired 7 d after germination.
compared to the wild type, which shows that the expression

of the gene is up-regulated in the mutant.

Conidia phenotype and germination

To examine whether deletion and overexpression ofNRPS4 in-

duced other phenotypic changes of Fusarium graminearum we

examined the sporulation of the three strains.When observed

by light microscopy several cells of the OENRPS4 conidia

appeared dark and empty or collapsed (Fig 4). This was ob-

served for most of OENRPS4 conidia with the position and

number of collapsed cells varying from conidia to conidia.

The conidia of ΔNRPS4 appeared similar to wild type under

all observed conditions. Germination of conidia from the

OENRPS4 and ΔNRPS4 mutants were observed over a period

of 24 h by light microscopy, including OENRPS4 conidia con-

taining both empty and normal cells. Germination was ob-

served for both OENRPS4 and ΔNRPS4 conidia, but

germination of OENRPS4 conidia was only observed from the

normal cells and not from the collapsed areas (Fig 5).

To examine the spatial structures of the conidia we gener-

ated three-dimensional images by atomic force microscopy

(AFM). With this technique we also observed empty cells in

OENRPS4 conidia, which appear to be collapsed and flattened

(Fig 6).

Examination of metabolite profiles

In order to identify the product of NRPS4, the wild type and

mutant strains were grown on YESmedium for two weeks be-

fore their metabolite profiles were examined by HPLC-UV and

LC-MS. The results in Fig 7 show that the OENRPS4mutant has

a massive increase in production of the polyketide fusarin C

and other fusarins compared to wild type. We were however

not able to identify other secondarymetabolites that were dif-

ferentially produced by OENRPS4 compared to the wild type,

although additional extractions with acetonitrile, heptane,

hexane or methanol were attempted. Other methods such as

heavy sonication or hydrophobin extraction protocols

(Pedersen et al., 2011) with trifluoroacetic acid along with boil-

ing the tissue overnight in 0.1M - 1MNaOH and THF surfactant

extraction (Yakimov et al., 1995) also failed to extract a product

that could be detected.

Discussion

Themajority of fungal NRPS produced compounds have yet to

be identified. The NRPS4 gene has been found in a wide range

of filamentous plant pathogenic fungi and the results here

support previous reports that the product is involved in sur-

face hydrophobicity and altered surface morphology of

conidia.

The altered surface properties of the generated mutants

suggested that the product of NRPS4 could be a surfactant or

involved in hydrophobin biosynthesis (Turgeon et al., 2008).

Different attempts at identifying the NRPS4 peptide proved

unsuccessful. The results suggest that the NRP product could

be embedded in the cell wall rather than being an excreted

peptide. The extraction difficulties resemble those



Fig 4 e Phase contrast microscopy (A, C). Differential interference microscopy (B, D). Conidia of the wild type PH1 (A, B).

Conidia of the OENRPS4 mutant (B, D). The arrows indicate the bright and normal cells of the conidia from the OENRPS4

mutant. The remaining cells in these conidia remain dark and collapsed.
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encountered in an attempt to locate and extract the NRP pro-

duced by pes3 fromAspergillus fumigatus (O’Hanlon et al., 2011).

This six module NRPS is not a direct orthologue of NRPS4, but

the pes3 peptide is hypothesized to reside in the cell wall as it

proved impossible to extract. The pes3 deletionmutant had in-

creased virulence and susceptibility to antifungal agents

(O’Hanlon et al., 2011). Deletion of the NRPS pes1 from A. fumi-

gatus resulted in altered surface morphology of conidia and

decreased virulence and increased sensitivity to oxidative

stress (Reeves et al., 2006). This altered surface of conidia could

indicate that the pes1 peptide acts as a structural factor asmay

also be the case for the compound produced by FgNRPS4.
Fig 5 e Germination of a single conidia of OENRPS4 over

a period of 21 hours. The time is denoted above the pictures.

Germination is seen from the topmost cells.
Deletion of the NRPS4 gene in Cochloibolus heterostrophus

(ChNRPS4) has been found to generate an identical phenotype

to FgΔNRPS4 with a loss of surface hydrophobicity (Turgeon

et al., 2008). The NRPS2 of A. brassicicola has also been investi-

gated and a deletion of the gene resulted in a similar pheno-

type to the FgΔNRPS4 mutant and the two genes share

a 48.8 % consensus position identity (Kim et al., 2007). A loss

of surface hydrophobicity, an abnormal conidia wall structure

and a loss of pathogenicity was observed in AbΔNRPS2, indi-

cating that AbNRPS2 might be an architectural factor of the

cell wall. It will be interesting to examine if the deletion of

FgNRPS4 has similar effect on pathogenicity and explore if

overexpression of the gene changes pathogenicity.

The conservation ofNRPS4 across the four sequenced Fusa-

rium species and orthologues present in other filamentous

fungi is remarkable. Apart from two of the siderophore syn-

thetases, such a high degree of conservation is only seen for

some of the smaller single module NRPSs (Hansen et al.,

2012). The modular structure suggests that the resulting pep-

tide is five amino acids in length, although it could be longer as

repetitive or iterative uses of modules in NRPSs have been ob-

served (Haynes & Challis, 2007). Modules that can activate

more than one specific amino acid substrate have also been

reported (Bachmann & Ravel, 2009; Rausch et al., 2005). Itera-

tivemodules are usually attributed to the siderophore synthe-

tases andNRPSs that deviate from the normal domain order in

their elongation modules (Mootz et al., 2002). Using NRPSpre-

dictor 2 (Rausch et al., 2005; R€ottig et al., 2011), the nearest



Fig 6 e Atomic force microscopy pictures of conidia from F. graminearum wild type and mutant strains. A) Wild type, B)

ΔNRPS4, C) OENRPS4. The arrow indicate the flattened area of a collapsed cell.

Fig 7 e HPLC-UV chromatogram of OENRPS4 (blue) and wild

type (red) F. graminearum at 210 nm.
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neighbor method and Stachelhaus code (Challis et al., 2000;

Stachelhaus et al., 1999) the resulting pentapeptide is pre-

dicted to have the sequence cys-cys-gln-gln-ile with 50e60 %

likelihood per substrate. AbNRPS2 is orthologous to ChNRPS4

and both have a 72.2 % residue identity as well as identical do-

main architecture. The domain architecture consists of

a slightly reduced number of domains compared to FgNRPS4

as the initial A domain is missing resulting in a slightly trun-

cated gene. This is also indicated by a phylogenetic study of

the adenylation (A) domains of an Alternaria brassicae NRPS,

AbNRPS2, ChNRPS4, and FgNRPS4 where all the respective A

domains are clustered together (Kim et al., 2007). Here the A

domains of the first modules of the orthologues are clustered

together with the second A domain of FgNRPS4 and so forth. A

neighboring putative ABC transporter found just downstream
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of the NRPS4 gene is conserved in all four sequenced Fusarium

species (Hansen et al., 2012) and also appears to be present at

a similar location to AbNRPS2, further linking the two genes.

AbΔNRPS2 also showed morphological differences in the con-

idia with an aberrant inflation of the cell wall and an increase

in lipid bodies compared to the wild type (Kim et al., 2007).

The presence of the collapsed cells in the OENRPS4mutant

is curious as not all of the cells of each conidium are collapsed

but only a few and at varying positions within the spore. This

inconsistency could be explained by the fact that the gpdA

promoter is affected by osmotic conditions resulting in het-

erogeneous effects on the cells. The orthologue AbNRPS2

have been reported to be expressed almost exclusively in con-

idia and conidiophores, further indicating that NRPS4 could

play a role in conidial development (Kim et al., 2007). Another

possibility could be that the NRPS4 peptide functions in a sim-

ilar way to the cyclodepsipeptide beauvericin forming a cation

ion selective channel across the cell membrane disrupting

physiological conditions (Hamill et al., 1969; Kouri et al.,

2003). This might also explain the increase in fusarin C pro-

duction in the overexpression mutant as a lower water activ-

ity could be a consequence of the increased surface

hydrophobicity of themutant. Fusarin C has recently been pu-

rified from different fusarium species, and it is not likely that

the compound is directly involved in hydrophobicity

(Sondergaard et al., 2011). Water activity was shown to affect

growth and secondary metabolite production in several stud-

ies (Aldred et al., 1999; Mogensen et al., 2009; Nielsen et al.,

2004; Sepcic et al., 2011). In future works, it would be interest-

ing to test the direct effect of fusarin C on surface hydropho-

bicity in wild type and NRPS4 mutants.

This is the first time the NRPS4 gene has been overex-

pressed and our results confirm that the gene is involved in

hydrophobicity on cell surfaces. Like other studies of cell

wall associated metabolites isolation of the compound was

unsuccessful and further experiments are needed for identifi-

cation of the NRPS4 product.
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